The fast evaporative cooling of micrometer-sized water droplets in vacuum offers the appealing possibility to investigate supercooled water -below the melting point but still a liquid -at temperatures far beyond the state-of-the-art. However, it is challenging to obtain a reliable value of the droplet temperature under such extreme experimental conditions. Here, the observation of morphology-dependent resonances in the Raman scattering from a stream of perfectly uniform water droplets has allowed us to measure with an absolute precision of better than 0.2% the variation in droplet size resulting from evaporative mass losses. This finding proved crucial to an unambiguous determination of the droplet temperature. In particular, a fraction of water droplets with initial diameter of 6379 ± 12 nm were found to remain liquid down to 230.6 ± 0.6 K.
Water can exist in the liquid state at temperatures far below its normal melting point. The first report on the observation of supercooled water probably dates back to Fahrenheit, who had cooled water to 264 K [1] . A better understanding of the properties of supercooled water [2, 3] , as well as establishing how and at which rates it transforms to ice [4] [5] [6] represent important goals with potentially broader impacts. For instance, tiny droplets of supercooled water at temperatures as low as 238 K naturally occur in the upper clouds of Earth's atmosphere [7] , and an improved description of atmospheric ice formation could help to develop more reliable climate models [8] .
More generally, the structural properties of supercooled water have been related to its anomalous behavior [9] . Water is an unusual liquid because many dynamic properties (such as the viscosity and relaxation times) and thermodynamic response functions (such as the heat capacity and the isothermal compressibility) show a power-law increase that becomes more pronounced in the supercooled state [10] , suggesting an apparent singularity at an estimated temperature of ≈ 228 K [11, 12] . Yet what sort of singularity might water be approaching still represents an unresolved puzzle that has prompted the formulation of conflicting scenarios to interpret its origin [13] .
The deeply supercooled regime is experimentally difficult to investigate due to the rapidly increasing ice nucleation rate with decreasing temperature. Conventional techniques such as those based on the use of thin capillaries [14] or emulsions [15, 16] allow studying supercooled water only at temperatures above ≈ 235 K. In an effort to access lower temperatures, ice formation has been prevented in experiments with nano-confined water [17] , aqueous solutions [18] and nanometer-scale water clusters [19] . However, the question of how the results of all these studies extrapolate to supercooled bulk water remains controversial [20] .
Micrometer-sized water droplets formed in a laminar liquid jet in vacuum offer a promising strategy to investigate supercooled bulk water and ice formation at very low temperatures [21] [22] [23] [24] . This is due to the combination of small sample size, suppression of heterogeneous nucleation sites, and fast evaporative cooling, with cooling rates exceeding ∼ 10 6 K s −1 for sub-10 µm-diameter water droplets. Despite its obvious benefits, this approach still lacks sufficient reliability in the determination of the droplet temperature. One conventional way of estimating the temperature of a liquid water jet in vacuum is based on the Knudsen kinetic model of evaporative cooling [21, 22, 25] . This model, however, depends critically on key experimental parameters, such as the droplet diameter, which are difficult to determine with sufficient precision. Here, by Raman spectroscopy of a microscopic water jet we have obtained a precise measure of the evolution in the size of the rapidly evaporating droplets, thus establishing accurately their temperature and providing unambiguous evidence for the existence of supercooled bulk water down to 230.6 K.
For a water droplet whose volume V (t) and temperature T (t) change with time t the probability Σ(T ) to remain liquid at the temperature T below the melting point T m is given by [16, 26] 
where J(T ) is the rate of ice nucleation and |Ṫ | is the cooling rate. Accordingly, the smaller the droplet size, the higher the degree of supercooling that can be reached. While liquid water jets emerging from orifices with diameter d 10 µm are routinely produced in the laboratory, nozzle clogging had severely limited the use of smaller apertures [27] . The water jets investigated here were produced by injecting ultra-pure liquid water at 292.3 ± 0.1 K into a vacuum chamber through a d = 3.2 ± 0.1 µm-diameter glass capillary nozzle. We have generated a periodic stream of perfectly uniform droplets ( Fig. 1 ) by applying an external excitation at the frequency f = 966 kHz by means of a piezoelectric actuator to trigger the jet breakup [28] .
The liquid water jet in Fig. 1 was probed by recording Raman spectra of the O−H stretching mode as function of the distance z from the nozzle. The experimental setup was similar to that described in Ref. [29] . In the present work, we have employed a portable Raman instrument (iHR320, Horiba Jobin Yvon) consisting of a head for in-situ analysis fiber-coupled to a grating spectrometer equipped with a high sensitivity CCD detector, and providing a resolution of ≈ 1.5 cm −1 . As excitation source we used an external 6 W Nd:YVO3 cw-laser (Verdi V6, Coherent), which we operated up to a maximum power of 2.5 W, generating a radiation beam at λ 0 = 532 nm that was focused to a ≈ 25 µm-diameter spot onto the liquid water jet in the vacuum chamber. The Raman signal was recorded under an angle of 90
• with respect to the excitation laser beam and focused to the entrance of the Raman instrument's head. The Raman shifts ∆ν = 1/λ 0 − 1/λ, where λ is the scattered wavelength, were calibrated by using a silicon sample. The entire liquid jet source was mounted on micro-actuators stages that allowed a displacement of the jet along z with a precision of ≈ 1 µm.
Selected Raman spectra measured at distances between z = 0.9 and 28.9 mm from the nozzle are shown in Fig. 2 . During a typical acquisition time of 300 s up to ∼ 10 9 individual droplets crossed the exciting laser beam focus. The spectrum at 28.9 mm in the right panel of Fig. 2 coincides with that from bulk crystalline ice [30] , indicating that within our resolution all droplets have frozen to ice at the largest distance investigated here.
The most striking feature visible in Fig. 2 is the presence of up to five narrow peaks super-imposed on the O−H stretching bands, which progressively shift to smaller wave numbers with increasing distance from the nozzle. These peaks originate from a morphology-dependent resonant enhancement of the Raman scattering for specific values of the droplet radius-to-wavelength ratio [31, 32] . The resonances can be viewed as standing waves at the droplet-vacuum interface and require for their occurrence a perfectly smooth spherical shape. This explains the absence of the resonance peaks in the Raman spectrum from frozen droplets, which will tend to exhibit a more irregular interface with respect to the smooth surface of a liquid droplet. Accordingly, the attenuation of the resonance peaks observed at the largest distances (right panel in Fig. 2 ) can be interpreted as due to the rapidly decreasing fraction of purely liquid water droplets. We further note that by turning off the piezo actuator the resonance peaks invariably disappeared, thereby confirming the uniformity of droplet sizes for the piezo-driven jet breakup ( Fig. 1 ).
We now show that the observation of the resonances offers the most accurate and precise way to determine the droplet diameter [32] and, in turn, the droplet temperature. The resonances are described in the framework of the Mie-Debye light scattering theory. Relevant to the present discussion is the ratio between the extinction and the geometrical (πr 2 , with r the droplet radius) cross sections given by [33] [34] [35] 
where x = 2πr/λ is the size parameter, n is the refractive index, and a m (x, n) and b m (x, n)
are the complex partial-wave expansion scattering amplitudes. Within the size range of interest here the function Q ext (x, n) exhibits a smooth ripple structure with an infinite series of sharp peaks occurring at definite values {x i } i∈N of the size parameter [33, 34] . Each value corresponds to a resonance condition for a specific radius-to-wavelength ratio. Accordingly, if x i is the size parameter associated with any of the observed resonances centered at ∆ν j , j = 0, . . . , 4, then we have
Equation (3) relates the observed shift to smaller wave numbers of the resonance peaks to a reduction of the droplet radius with increasing distance from the nozzle. There is no unambiguous way to assign the size parameter x i . However, it can be shown that ∀i ∈ N the spacing ∆x = x i+2 − x i is only a very slowly varying function of the refractive index [33] . For two observed resonances centered at ∆ν j and ∆ν j+2 we thus obtain from Eq. (3) for the droplet diameter
The Raman shifts ∆ν j were determined by fitting each Raman spectrum to five broad Gaussian components representing the fundamental O−H stretching band [36, 37] keeping the linear terms in the temperature and density ρ, i. e., (
. The wavelength dependence of the refractive index across the spectral Raman O−H stretching band can be safely neglected here [38] . The coefficients a 0 = 0.230278, a 1 = −1.1137 × 10 −5 , and a 2 = −0.0245171 were determined by fitting the IAPWS expression to experimental data for the refractive index down to 258 K [39] . For the temperature dependence of the density of water we have assumed the sixth-order polynomial reported in Ref. [40] .
In order to determine the droplet diameter as a function of the distance from the nozzle on the basis of Eq. (4) one has to know the droplet temperature, which is the unknown variable that we aimed at establishing. To circumvent this problem we adopted an iterative approach. Starting with an arbitrary constant value of the refractive index we evaluated the droplet diameter by averaging In the calculations we have taken into account the initial temperature gradient throughout the droplet resulting from the finite thermal conductivity of liquid water [22, 25] . The corresponding volume-averaged droplet temperature T (z) was then used to establish a new set of values of the refractive index. The above steps were repeated until convergence was reached, and the resulting values for the droplet diameter are shown as filled circles in Fig. 3(a) . The thick solid line in Fig. 3(a) is the model fit with D 0 = 6379 ± 12 nm and v = 22.2 ± 1.5 m s −1 , with the 68% confidence interval indicated as light-shaded region. The thermodynamic functions of the Knudsen model were extrapolated from available experimental data at higher temperatures. In particular, for the latent heat of vaporization and the vapor pressure were assumed the expressions reported in Ref. [41] , the thermal conductivity and surface tension were determined as discussed in Ref. [22] , and the isobaric heat capacity was derived from the vapor pressure by means of the Clausius-Clapeyron equation as shown in Ref. [42] . We have verified that the result of the fit in the present temperature range was largely insensitive to the particular empirical extrapolations as discussed in Ref. [22] .
The quality of the fit in Fig. 3(a) (Fig. 2) , i.e., a non negligible fraction of droplets are still liquid, we infer a droplet temperature of 230.6 ± 0.6 K. This value represents the lowest temperature established unambiguously for supercooled bulk water.
For the purpose of comparison we have determined the droplet temperature also by the more conventional approach based on the analysis of the Raman O−H stretching band profiles. Since the O−H stretch vibration is a probe of the local hydrogen-bond network, it exhibits a strong variation with temperature [43] . This dependence has been exploited in the past to estimate the temperature of supercooled water droplets investigated by Raman spectroscopy [25] . The droplet temperature estimated from the variation of the shape of the Raman O−H stretching bands is shown in Fig. 3(b) as open circles. We find a good agreement with the temperature curve obtained from the analysis of the resonance peaks up to z = 20.4 mm. The deviations observed for z 25 mm are likely due to the growing contribution of the scattering from droplets that have frozen to ice at such large distances, affecting the shape of the O−H stretching band. We note that the agreement in Fig. 3(b) implicitly extends the range of validity of the Raman-temperature calibration curve (Fig. 4) down to ≈ 234 K. Overall, the established consistency between the two distinct approaches provides a rigorous proof of the reliability of our droplet temperature determination.
The lowest droplet temperature reported here for ≈ 6 µm-diameter droplets [ Fig. 3(b) ] is not consistent with recent temperature estimates based on the Knudsen model for nominal ≈ 12 µm-diameter water droplets probed with ultrashort X-ray laser pulses [22] . Indicating with Σ 12µm
and Σ 6µm the probabilities to observe 12 and 6 µm-diameter water droplets, respectively, in the supercooled state at 230.6 K, and by taking into account that the evaporative cooling rate increases with decreasing droplet diameter, from Eq. (1) it follows that Σ 12µm
However, in Ref. [22] it was estimated that nearly 100% of the 12 µm-diameter droplets were liquid at 230.6 K, and a fraction of them were even reported to have supercooled further to 227 K. We note that effects of laser-induced droplet heating in our experiments were completely negligible because of the extremely short droplet transit time across the excitation laser beam of ≈ 10 −6 s and the small absorption cross section at 532 nm of 0.0447 m −1 . Although ice nucleation can be triggered by short, 532 nm laser pulses at a high intensity threshold of ∼ 10 16 W m −2 [44] , this phenomenon is unlikely to have occured in the present study due to the several orders of magnitude lower laser intensity of ≈ 5 × 10 9 W m −2 . Thus, while the above apparent discrepancy can be definitively resolved only by a direct comparison between the two (Raman and X-ray) scattering techniques, our results indicate that the degree of supercooling of micrometer-sized water droplets investigated recently might be largely overestimated, thereby challenging the interpretation of the reported experimental data [22] [23] [24] 45] .
Vibrational spectroscopy has been widely applied to the study of the structure of bulk liquid water [46] . In particular, spectroscopic investigations of liquid water from ambient to supercooled conditions had evidenced a continuous evolution in the Raman spectral features [36, 37, 47] . With decreasing temperature the low-frequency side of the O−H stretching band around 3200 cm
becomes more pronounced with respect to the high-frequency side around 3400 cm −1 . One interpretation attributes this behavior to the change upon cooling in the population of two distinct local hydrogen-bond structures -distorted and tetrahedral -associated with the high-and lowfrequency spectral branches, respectively [9] . The Raman O−H stretching bands shown in Fig. 4 clearly confirm this trend, indicating that it further extends down to at least ≈ 232 K. No definite conclusion can be drawn here on whether this trend continues at even lower temperatures due to the scattering from frozen droplets for z 25 mm. More insights in this respect may come from the low-energy vibrations involving intermolecular hydrogen bonds. Recent time-resolved optical Kerr effect measurements have identified clear signatures of two structural components in the low-frequency spectral region around 200 cm −1 [48] . However, these experiments were carried out at temperatures above 247 K, which is much higher than the lowest temperatures reported here.
By probing the water droplets of the present study in the low-frequency region it would thus be possible to elucidate the nature of the structural evolution and ice formation occurring in liquid water in the deeply supercooled regime. The solid line is a linear fit that was extrapolated to the supercooled region in order to determine the droplet temperature from the bands in the main figure. 
